Abstract | Graft-versus-host disease (GVHD) represents the most serious and challenging complication of allogeneic haematopoietic stem-cell transplantation (HSCT). New insights on the role of regulatory T-cells, T cells, and antigen-presenting cells have led to an improved understanding of the pathophysiology of GVHD. However, little progress has been made since the introduction of calcineurin-inhibitor-based regimens in the mid-1980s. Despite standard prophylaxis with these regimens, GVHD still develops in approximately 40-60% of recipients. Thus, there is a need for developing newer approaches to mitigate GVHD, which may facilitate the use of allogeneic HSCT for the treatment of a wider range of haematological cancers. We discuss the rationale, clinical evidence, and outcomes of current (and widely employed) strategies for GVHD prophylaxis, namely calcineurin-inhibitor-based regimens (such as cyclosporine or tacrolimus) combined with methotrexate or mycophenolate mofetil. We assess the clinical evidence for emerging approaches in the prevention of GVHD, including therapies targeting T cells or B cells, the use of mesenchymal stem cells, chemo-cytokine antagonists (such as maraviroc, TNF-α inhibitor, IL-2 receptor antagonist, IL-6 inhibitor), and the use of novel molecular regulators that target multiple cell types simultaneously, including atorvastatin, bortezomib, and epigenetic modulators.
Introduction
Graft-versus-host disease (GVHD) is the major complication associated with allogeneic haematopoietic stem-cell transplantation (HSCT), which significantly impacts on non-relapse mortality. 1 Based on the timeframe and type of organ involvement, GVHD can be characterized as acute or chronic. 2 Prevention strategies have almost exclusively been directed at reducing acute GVHD, which is the most important risk factor for the development of chronic GVHD. 3 These strategies have evolved from the use of single-agent methotrexate to a c alcineurin-inhibitor (CNI)-based combination.
Currently, the most widely used regimens are based on CNI, although practices continue to vary between centres. 4 Based on improved biological insights on the role of B-cells, natural killer cells, regulatory T cells, and antigen-presenting cells (APC), newer approaches, that target different cells of the immune system, such as T cells and B cells, are being tested to optimize treatment and overall duration of therapy. These new approaches showed promising results in terms of GVHD prevention in early clinical trials, however, they still need to be validated in randomized controlled trials (RCTs). It is also important to understand the impact of such approaches on relapse, infection, and late complications. In this Review, we critically assess standard therapies currently used in the prevention of GVHD and highlight novel and promising regimens on the basis of the results of several phase I and II clinical trials. Many of the therapies discussed herein can also be used for curative treatment; however, the focus of this Review will be primarily in the prophylaxis setting.
Standard therapies

Calcineurin inhibitors
The introduction in the 1980s of two new immunosuppressive agents, cyclosporine and tacrolimus, which prevent T-cell activation by inhibiting calcineurin, has dramatic ally improved allograft survival rates. Furthermore, in 1986, the first studies reporting the superior outcomes of CNI-based regimens with notable reduction in GVHD and improved survival as a result of combination therapy (such as cyclosporine plus methotrexate) compared to either agent alone, were published. 5 CNIbased therapies have, therefore, been considered the standard-of-care for GVHD prevention. 4 Cyclosporine was originally isolated from fungi and was noted to have immunosuppressive effects. This observation led to its use in the prevention of allograft solid organ rejection and GVHD after allogeneic HSCT. 6 Although cyclosporine and tacrolimus are structurally distinct, their mechanisms of action are similar. Cyclosporine binds to the cytosolic protein peptidyl prolyl cis-trans isomerase A (also known as cyclophilin A), whereas tacrolimus binds to the peptidylprolyl cis-trans isomerase FKBP12, and these complexes (cyclosporine-cyclophilin or tacrolimus-FKBP12) inhibit calcineurin, thereby blocking the dephosphorylation of nuclear factor of activated T cells (NFAT) and its nuclear translocation. 7 These events prevent NFAT from exerting its transcriptional function, resulting in the inhibition of transcription of IL-2 and of other cytokines and ultimately leading to a reduced function of T cells ( Figure 1 ). 7 Two multicentre, randomized, prospective trials con ducted in the mid-1990s demonstrated decreased incidence of acute GVHD with the tacrolimus and metho trexate combination compared to cyclosporine and methotrexate, but overall survival was not significantly different. 8, 9 These findings led some centres to favour the tacrolimus and methotrexate combination. Nonetheless, a recent survey estimated a much higher proportion of centres using cyclosporine over tacrolimusbased regimens. 4 While some centres recommend to begin the treatment with the calcineurin inhibitor on day -1 (prior to bone marrow transplantation, which is day 0), others advocate an earlier start time, at day -3, to achieve an adequate concentration of the drug in the blood. Initiation of the calcineurin inhibitor taper and length of taper also vary between centres. Given the practice variation in both dosing and duration, further studies are needed to compare the efficacy of the different schedules, to assess outcomes of GVHD and mortality between the two combination therapies. Such studies are unlikely, however, owing to the tremendous resources required and the perceived lack of novelty of these comparisons.
Methotrexate
Methotrexate is a cytotoxic drug, which at low doses, exerts its anti-inflammatory effect by attenuating T-cell activation. 10 At higher doses, common adverse effects include haematopoietic, renal, hepatic, and gastro intestinal mucosal toxicity. 5 Following preclinical studies that investi gated its efficacy in GVHD prevention, 11 it was used as monotherapy. 12 However, the combination of cyclosporine and methotrexate has demonstrated superiority over single agent use, 5 making the combination therapy the most commonly used GVHD prophylaxis regimen. 4 The dosing schedule for a short-course of methotrexate on days 1, 3, 6 and 11 was developed in the 1980s as a consequence of concerns for gastro intestinal (GI) toxicity, and this schedule has remained largely unchanged over time (15 mg/m 2 on day 1 and 10 mg/m 2 on days 3, 6, and 11). 5 Nonetheless, a mini-dose of methotrexate given on days 1, 3, 6, and 11 at 5 mg/m 2 is now commonly used since its introduction in patients with an unrelated donor for HSCT. 10 Mycophenolate mofetil Mycophenolate mofetil (MMF) is an anti-metabolite and the prodrug of mycophenolic acid, which selectively inhibits inosine monophosphate dehydrogenase in T cells. The combination of MMF and any CNI has shown syner gistic activity for GVHD prophylaxis. 13 Although this regimen is used widely after non myeloablative transplants and cord blood transplants, 14 it has never been formally tested in RCTs. MMF is not routinely administered after myeloablative transplants because its efficacy follow ing transplant is not well-established. Phase I and II clinical trials, comparing the combination of cyclosporine and MMF to MMF alone, have reported less mucositis and faster neutrophil engraftment with the combination regimen, but without improvements in incidence of grade 2-4 acute GVHD. 15 Emerging strategies T-cell depletion T cells are absolutely essential for causing GVHD. Therefore, pharmacological manipulation of T cells remains the mainstay of GVHD prophylaxis, even among the new strategies. T-cell depletion is the most effective means of prevention of GVHD. However, this effect can be offset by increased risk of delayed immune reconstitution, leading to life-threatening infection, graft failure, and disease recurrence. 16 Nonetheless, reduction in T cell numbers by T-cell depletion of the donor graft has been attempted. The ex vivo depletion of T cells through physical separation techniques have now been replaced largely by in vivo depletion strategies, as detailed below.
Anti-thymocyte globulin
Anti-thymocyte globulins (ATG) are polyclonal immunoglobulins produced by immunizing rabbits (rabbit ATG or thymoglobulin) with the T-lymphoblastic Jurkat cell line (ATG-Fresenius, ATG-F), or immunizing horses (equine ATGAM) with human thymus lymphocytes. 17 These cytotoxic antibodies, ATG or ATGAM, are directed against antigens expressed on human T lymphocytes (Figure 1 ), resulting in reduction in the number of circulating T l ymphocytes (T-cell depletion) through cell lysis. 18 In some centres, the ATG approach has been included in routine prophylaxis for patients undergoing unrelated donor HSCTs or receiving mismatched donor grafts, to prevent GVHD and, as part of the conditioning regimen, to decrease the risk of graft rejection. In an early random ized phase II study comparing patients who received methotrexate alone with those who received the methotrexate-ATGAM-prednisone combination, the incidence of acute GVHD was significantly lower in the combination arm (21% versus 48%, P = 0.001). 12 Subsequent prospective studies using the ATG approach for T-cell depletion showed decreased incidence of GVHD and encouraging survival rates. 19 The impact of the dose of ATG administered was assessed in two sequential phase III studies. In the first trial, patients with haematological malignancies, undergoing bone marrow transplants from unrelated donors, were randomly assigned to receive no ATG or a low dose (7.5 mg/kg/day) of Key points ■ Acute graft-versus-host disease (GVHD) remains a significant barrier to the wider application of allogeneic haematopoietic stem cell transplantation (HSCT) ■ Clinically significant acute GVHD develops in approximately 40-60% of patients undergoing allogeneic HSCT ■ The most widely used approach to prevent life-threatening acute GVHD is prophylaxis with a calcineurin inhibitor-based regimen typically administered during the first 180 days of HSCT ■ Based on improved biological insights of the pathophysiology of GVHD, newer approaches that target T cells and B cells of the immune system are being tested in clinical trials ■ New agents targeting multiple pathways coupled with a better understanding of the molecular interactions mediating GVHD are required to develop effective strategies to prevent this complication and avoid adverse effects ATG. 20 In the second trial, the dose of ATG was doubled to 15 mg/kg/day. 20 The administration of a high dose of rabbit ATG (15 mg/kg/day) was associated with reduced grade 3-4 acute GVHD compared with the no ATG arm. This GVHD reduction was, however, not observed in the low-dose trial. Nevertheless, the high-dose ATG trial was associated with an increased risk of lethal infections, resulting in comparable rates for survival and non-relapse mortality with the low-dose ATG trial. 20 The administration of a different type of ATG, antiJurkat ATG-F, has also been studied in a randomized phase III trial comparing the standard GVHD prophylaxis with cyclosporin and methotrexate alone or in combination with ATG-F for patients undergoing a myelo ablative conditioning HSCT from matched unrelated donors. 21 The ATG-F-based regimen, compared with standard prophy laxis, decreased grade 2-4 acute GVHD (33% in the ATG-F arm versus 51% in the standard arm, P = 0.011) and chronic GVHD (30.9% versus 58.8%, P <0.0001). However, this did not result in a statistically significant different survival outcome (59.2% versus 51.9%, P = 0.47). Furthermore, the ATG-F regimen was not associated with an increase in infectious disease or relapse mortality. However, patients treated with ATG-F exhibited a delayed neutrophil and platelet engraftment, and a higher incidence of Epstein-Barr virus (EBV) posttransplant lymphoproliferative disease. 21 The specific role of ATG administration in allogeneic HSCT remains unclear. Of note, the two sequential randomized studies of ATG were performed when no molecular HLA typing was available and the source of transplant cells was either bone marrow or peripheral blood stem cells, 20 whereas the ATG-F study may have benefitted from molecular HLA typing and the source of transplant cells was peripheral blood stem cells. 21 The importance of the different sources of transplant cells (bone marrow versus peripheral blood stem cells) with or without ATG has not been previously tested. Currently, a large phase III study of ATG-F is being conducted in patients with adult acute myeloid leukaemia, acute lymphoid leukaemia, and myelodysplastic syndrome undergoing bone marrow or peripheral blood stem cell transplantation from unrelated donors. 22 While the primary outcome measure is the first occurrence of moderate or severe chronic GVHD or death from any cause, acute GVHD will be assessed because ATG-F will be given 3 days before transplantation. It will be interesting to observe the outcomes in terms of GVHD prevention and adverse effects.
Alemtuzumab
Alemtuzumab is a humanized monoclonal antibody directed against the CD52 receptor that depletes B and T lymphocytes by complement fixation and antibodydependent cell-mediated cytotoxicity mechanisms ( Figure 1) . 23 Early phase II studies of treatment with alemtu zumab before allogeneic HSCT have shown decreased incidence and severity of GVHD, and reduced mortality. 23 However, the perceived benefit was offset by the increased graft failure, disease recurrence, and delayed immune reconstitution. 16 Due to prolonged lymphopenia observed in the post-HSCT setting, lower doses of alemtuzumab have been studied. Although no standard dose of alemtuzumab has been established when used in combination with various conditioning regimens, doses lower than a fixed total dose of 20 mg have been associated with increased risk of severe GVHD and post-transplant lymphoproliferative disease. 24 Although alemtuzumab is used widely in the non myeloablative setting on the basis of reports that suggested low incidence of acute GVHD (10-20%), 25 it has never been formally tested in an RCT. Subsequent studies have explored the efficacy of alemtuzumab in HLA-mismatched unrelated HSCTs. 26 Although graft rejection was higher in mismatched compared to matched unrelated donor HSCTs (8% versus 0%, P <0.01), the incidences of acute or chronic GVHD, and overall survival, were not significantly different, suggesting a role for alemtuzumab in high-risk mismatched HSCTs. 26 Alemtuzumab has recently been incorporated in the conditioning regimen for non-malignant diseases. 27 No difference in the incidence of graft failure was observed; however, a decreased GVHD in patients with aplastic anaemia and an improved long-term engraftment in sickle-cell disease was observed. 28 Despite the extensive use of alemtuzumab, there are no established guidelines for the use of this drug; doses are generally chosen on the basis of clinical protocols or published reports; therefore, the optimal dose of alemtuzumab to achieve minimal immunosuppression and infection monitoring remains undefined. 24 Suicide gene therapy A safety switch system (approach to block cell therapies if their intended use goes awry) was initially developed as a promising cellular therapy in allogeneic HSCT by expressing thymidine kinase enzyme from the herpes simplex 1 virus (HS-tk). 29 Ganciclovir was required as a prodrug for cell elimination, which functioned to inhibit HS-tkexpressing T cells if subsequent GVHD developed. 29 A phase I-II multicentre non-randomized trial was conducted to investigate the infusion of HS-tk cells after haploidentical HSCT to prevent GVHD. 30 In this trial, 50 patients received haploidentical stem-cell transplants for high-risk leukaemia, and only 10 patients developed grade 1-4 acute GVHD, demonstrating that the therapy was feasi ble and potentially efficacious. 30 However, the immunogeneic concerns associated with the use of a virusderived agent for HS-tk, led to the development of an alternative suicide gene therapy by engineering human T cells through the fusion of an inducible human caspase 9 gene (iCasp9) to the human FKBP12 ( Figure 1) . 31 This iCasp9-suicide strategy was tested in a clinical study of five paediatric recipients, aged 3-17 years, who had haplo identical HSCT. The patients received infusions of genetically modified iCasp9-expressing T cells from haploidentical donors. In four patients, skin GVHD developed 14 to 42 days after the infusion, and concomitant liver GVHD occurred in one patient. 32 Each of these four patients received a single infusion of the dimerizer drug AP1903, which induced the suicide of the activated-engineered T cells. 32 GVHD resolved within 24 h of the AP1903 infusion. This strategy is very promising; however, its efficacy on GVHD, infection, and relapse incidences will need to be established in larger, prospective RCTs.
CTLA4-Ig
CTLA4-Ig (also known as abatacept), is a soluble fusion protein of the Fc portion of human immunoglobulin G1 (IgG1) fused with CTLA4, and functions as a costimulation blocking agent that inhibits T cells (Figure 1 ). 33 It is approved by the FDA for use in rheumatoid arthritis in adults and in children older than 6 years. 34 Three RCT indicated that abatacept is a safe agent. [35] [36] [37] Abatacept was not associated with any haemato logical, renal, cardiac, pulmonary, hepatic, or neurological abnormalities. However, patients receiving chronic treatment experienced increased risk of infections. 38 Preclinical studies using CTLA4-Ig in murine and non-human primate models showed amelioration of GVHD. 39 The feasibility of adding abatacept to cyclosporine and methotrexate therapy for GVHD prevention following unrelated donor HSCT has recently been investi gated in a pilot trial involving 10 patients. 40 Only two patients developed grade 2-4 acute GVHD, but seven patients showed cytomegalovirus (CMV) or EBV reactivation. 40 Building on this experience, a phase II multicentre, randomized, double-blind RCT of abatacept combined with CNI and methotrexate versus placebo f ollowing u nrelated donor HSCT is currently underway.
41
Regulatory T cells Regulatory T cells (T REGS ) are characterized by the expression of the transcription factor forkhead box P3 (Foxp3). 42 Several preclinical murine studies have shown that CD4 + CD25 + T REGS are important regulators of self-tolerance and are critical in immune tolerance to allo antigen, decreased graft rejection, and decreased incidence and sever ity of GVHD (Figure 1) . 43, 44 T REGS have been shown to suppress the early expansion of alloreactive donor T cells and limit the capacity to induce GVHD without minimizing the graft-versus-leukaemia (GVL) effect. 45 Given these preclinical data, human T REG infusions are being tested in clinical trials for GVHD prevention. The safety and efficacy of T REG infusions was evaluated in a phase I clinical trial. In this trial, T REGS were isolated from a partially HLA-matched umbilical cord unit and expanded ex vivo in culture before infusion. The incidence of grade 2-4 acute GVHD in patients treated with T REG infusion was 43% compared with 61% in historical controls. 46 A major challenge of the study was the fact that 25% of patients received less than the intended T REGS dose. 46 In another study, which evaluated the role of donor T REGS co-infused with conventional T cells in the HLA-haploidentical setting, 26 of the 28 enrolled patients achieved sustained donor engraftment, and lethal GVHD was minimized. 47 No cases of chronic GVHD were reported at a median follow-up of 11.2 months. However, four cases of lethal infections (such as aspergillosis) were described. 47 Despite the challenges associated with T REG purity and manufacturing on a large scale, these two trials showed feasi bility. Hopefully, the development of new strategies to overcome these technical limitations will contribute to a greater use of T REG infusions in clinical trials and eventually in clinical practice. Another way to enhance T REG expansion might be through administration of lowdose IL-2, as has been studied in the context of chronic GVHD. 48, 49 Daily IL-2 therapy for 8 weeks increased the proliferation of peripheral T REG and increased the generation of thymic T REG , which correlated with clinical improvement in manifestations of chronic GVHD and reduction of glucocorticosteroid dose. 48, 49 Molecular targets in T cells Donor-derived T cell are the major effector cells mediating acute GVHD. 1 Therapeutic strategies have therefore targeted cells involved in T-cell activation in response to alloantigen signals.
Sirolimus
Sirolimus (also known as rapamycin) is a macrocyclic lactone produced by the actinomycete Streptomyces hygorscopicus and was originally developed as an anti-fungal agent. 50 Similar in structure to tacrolimus, sirolimus binds to the intracellular protein FKBP12. 51 However, unlike the tacrolimus-FKBP12 complex that inhibits calcineurin, the sirolimus-FKBP12 complex inhibits the mammalian target of the rapamycin (mTOR) pathway (Figure 1 ), which blocks IL-2 mediated signal transduction and prevents cell-cycle progression in naive T cells. 52 Preclinical studies investigating the use of sirolimus showed that it was effective in preventing GVHD-induced lethality, which led to its use in GVHD prophylaxis. 53, 54 In a phase I-II trial, 41 patients received sirolimus combined with tacrolimus and methotrexate. 55 This study showed feasibility and activity of sirolimus in lower ing the incidence of grade 2-4 acute GVHD in patients conditioned with a myeloablative regimen followed by unrelated and mismatched donor grafts compared with historical controls. 55 In an effort to omit methotrexate and thereby minimize potential complications, the sole combination of tacrolimus and sirolimus was tested in a related donor setting. 56 In this phase II study, feasibility and encouraging incidences of grade 2-4 acute GVHD, neutrophil recovery, and overall survival at 1-year follow up were reported. 56 These initial findings have been followed by other single-institution studies with mixed reports. For example, a prospective clinical trial that assessed sirolimus in combination with a CNI plus metho trexate in patients undergoing HSCT from an unrelated donor resulted in a high incidence of grade 2-4 acute GVHD. 57 However, the results from a randomized trial conducted on 74 patients evaluating tacrolimus in combi nation with sirolimus or metho trexate demonstrated a significant reduction in grade 2-4 acute GVHD at day 100 post-HSCT in those patients who received the tacrolimus and sirolimus combination compared with the tacrolimus and methotrexate regimen (43% versus 89%, respectively, P <0.001). 58 These findings were observed for patients with matched sibling donors and those with matched unrelated donors. 58 Randomization was stratified for age (≥50 versus <50 years) and donor type (sibling versus unrelated). Overall survival did not differ significantly between the treatment arms. 58 This result highlights the challenge of direct comparisons given the hetero geneity in the patient populations in relation to donor types (un related and related donor), condition ing regimens (such as myelo ablative and reduced intensity conditioning, diseases treated (malignant and non-malignant), age of the recipients (≥18 years and <18 years), and timing and dose of sirolimus administered. The reduction in GVHD is sometimes offset by the occurrence of adverse complications (such as veno-occlusive disease, thrombotic microangio pathy or effusions), resulting in no significant difference in overall survival. In order to definitively establish the role of sirolimus for GVHD prevention, an open-label, multicentre, phase III RCT was conducted in patients undergoing HSCTs from a related donor. 59 This study, sponsored by the Blood and Marrow Transplant Clinical Trials Network (BMT CTN), completed its target accrual of 304 patients in October 2011 and all patients were followed up for 2 years. There was no significant difference in the incidence of grade 2-4 acute GVHD at day 114 post-HSCT between the tacrolimus-sirolimus and tacrolimus-methotrexate groups (26% versus 34%, respectively, P = 0.17). There was a trend toward increased incidences of endothelial injury syndromes, including veno-occlusive disease (11% versus 5%, P = 0.06) and thrombotic microangio pathy (5% versus 1%, P = 0.09), as well as chronic GVHD (53% versus 45%, P = 0.06) for tacrolimus and sirolimus compared with tacrolimus and methotrexate. However, neutro phil engraftment was more rapid (14% versus 16%, P <0.001) and mucositis was less severe (Oral Mucosistis Assessment Scale score 0.76 versus 0.96, P <0.001). The primary end points of the trial, 114-day GVHD-free survival, and overall survival at 2-year follow up were not signficantly different between groups. 59 Nonetheless, tacrolimus and sirolimus could be considered in patients at high risk for oral mucositis or infectious complications and who may benefit from faster neutrophil engraftment.
Cyclophosphamide
Cyclophosphamide is a nitrogen mustard alkylating agent used in the treatment of various cancers and autoimmune conditions because of its potent immuno suppressive properties. 60 Experimental studies have shown that the use of cyclophosphamide post-transplantation induced stable mixed chimerism (where both host and donor bone marrow-derived elements coexist in the recipient) 61 across major histocompatibility complex (MHC) and mismatched bone marrow transplantation following non-myeloablative conditioning and also abrogated GVHD. 62 Two similar phase II studies that accrued 68 patients at two different institutions following nonmyeloablative conditioning in haploidentical HSCT showed an incidence of grade 2-4 acute GVHD of 34% with post-transplantation treatment comprised of cyclophosphamide in combination with tacrolimus-MMF. The median time to neutrophil engraftment was 15 days and graft rejection occurred in 9 of the 66 patients (13%). The 1-year non-relapse mortality and relapse incidence rates were 15% and 55%, respectively. 63 In an effort to eliminate the use of CNIs, a phase I-II study was conducted to determine the efficacy of post-transplantation high-dose cyclophosphamide alone (on days 3 and 4) for GVHD prevention after myeloablative conditioning and HLAmatched related or unrelated donor HSCT. The incidence rates of grade 2-4 and grade 3-4 acute GVHD were 43% and 10%, respectively. 64 At 2-years, the incidence of chronic GVHD and non-relapse mortality were appreciably low at 10% and 17%, respectively. Relapse mortality and overall survival were 44% and 55%, respectively. The GVHD-protective mechanism obtained through posttransplantation treatment with cyclophosphamide might be a consequence of T REG preservation, achieved through the expression of aldehyde dehydrogenase. 64 Similar results were observed in a study of 50 patients with high-risk haematological malignancies who underwent haploidentical HSCT followed by myeloablative conditioning and post-transplantation cyclophosphamide combined with cyclosporine-MMF. The incidence of grade 2-4 acute GVHD by day 100 was 12% and chronic GVHD was 10%. The 1-year non-relapse mortal ity and relapse incidence were 18% and 26%, respectively, which translated into an overall survival of 62% at 18 months. 65 These findings are in contrast with a recent phase II study of single-agent post-transplantation cyclophosphamide used in the reduced intensity conditioning setting. A higher incidence of acute GVHD was observed compared with matched controls who received tacro limus and methotrexate. 66 The incidence of grade 2-4 acute GVHD in the post-transplantation c yclophosphamide and control groups were 46% and 19% respectively (P = 0.02). Further studies are, therefore, warranted to more clearly define the optimal setting of post-transplant c yclophosphamide for GVHD prevention.
Pentostatin
Pentostatin was initially developed as an anti-cancer chemotherapeutic agent to treat hairy cell leukaemia. 67 It inhibits adenosine deaminase and blocks the metabolism of 2'-deoxyadenosine. Thus, it induces lymphocyte apoptosis and impairs T-cell function, leading to prolonged immunosuppression. 68 Pretreatment of mice with 2'deoxycoformycin, in experimental BMT models, resulted in a reduction of GVHD. 69 Recently, a phase I-II controlled study was performed where patients received pentostatin doses of 0, 0.5, 1, 1.5 and 2 mg/m 2 on days 8, 15, 22, and 30 post-HSCT combined with tacrolimus and metho trexate for GVHD prevention. 70 Patients with haemato logical malignancies under going matched unrela ted, related or mismatched related donor HSCT were eligible. The incidence of grade 2-4 acute GVHD in pentostatin-treated patients was 43.9% compared with 55.6% in the control arm of tacrolimus and methotrexate. 70 The lowest incidence of acute GVHD (35.7%) was observed in patients who received the 1.5 mg/m 2 dose. 70 There was no significant difference in infectious complications between the different subgroups. A multicentre trial is assessing the safety and efficacy of pentostatin combined with c yclosporine (Supplementary Table 1 ).
Therapy targeting B cells B cells have been implicated in the pathogenesis of GVHD. 71 The effect of rituximab on chronic GVHD has been studied, 72, 73 and is now being explored in the p revention of acute GVHD.
Rituximab
Rituximab is a chimeric monoclonal antibody targeted against CD20 + B lymphocytes (Figure 1) . 74 B-cell depletion by rituximab for GVHD prevention has been evaluated in several retrospective, single-institution analyses and through registry data. Patients with CD20 + nonHodgkin lymphoma (NHL) who received rituximab pretransplant as part of the conditioning regimen (n = 13) or post-transplant as prophylaxis for disease control (n = 4) were compared with patients who did not receive rituximab. 75 In this brief report, patients who received both ATG and rituximab did not develop any GVHD compared with patients who received ATG alone, implicating a possible role for pre-transplant or peri-transplant rituximab treatment in GVHD prevention. In addition, patients with CD20
+ malignancies who received rituximab within 3 months of HSCT experienced a reduction in grade 2-4 acute GVHD compared with those patients who were not previously treated with rituximab. This effect was more pronounced in a subgroup of patients who received ATG in combination with rituximab as part of the conditioning regimen. 75 Furthermore, a large analysis of 435 patients with B-cell lymphomas -reported in the Centre for International Blood and Marrow Transplant Research (CIBMTR) databasewas conducted to assess the impact of rituximab on the incidence of acute GVHD. 76 In this study, prior exposure to rituximab correlated with significantly decreased acute GVHD and improved survival. The cumulative incidence of grade 2-4 acute GVHD for the rituximab and no-rituximab cohorts were 36% and 48% respectively (P = 0.01), that translated into a 5-year overall survival of 57% and 44% (P = 0.004). 76 These findings are encouraging; however, additional prospective studies are warranted to better define the role of rituximub in GVHD prevention.
Mesenchymal stem cells
Mesenchymal stem cells (MSCs) are a heterogeneous population of multipotent mesenchymal stromal cells with fibroblastic-like morphology that can differentiate into bone, cartilage, and fat cells. 77 MSCs have been shown to possess nonspecific immunosuppressive activities and immunomodulatory effects. Early feasibility studies showed safety with no evidence of adverse events associated with infusion of autologous human MSCs. 78 A recent study assessing the role of ex vivo expanded, third party, MSC co-infused with transplantation in high-risk settings, such as mismatched unrelated donor HSCT, suggests that MSCs might reduce life-threatening GVHD. 79 However, in patients who received HLAidentical sibling matched HSCT co-transplanted with MSCs for haematological malignancies, acute GVHD was lower, but the incidence of relapse was considerably higher. 80 The results from these human HSCT trials have shown that MSC infusions are well-tolerated, but longterm safety data have yet to be established along with the production of guidelines for how to culture and expand MSCs. More knowledge is needed about the biology and clinical role of MSCs in GVHD prevention.
Chemo-cytokine antagonists
Chemokines and their receptors are involved in both the innate and adaptive immune responses and play an i mportant role in T-cell migration. 81 
Maraviroc
The C-C chemokine receptor type 5, also known as CCR5, is a receptor for chemokines on the surface of white blood cells. CCR5 was discovered in 1996 as a human immuno deficiency virus (HIV)-1 co-receptor and since then has been studied widely in allograft rejection, autoimmunity, tumour immune surveillance, and clearance of pathogens. 81 In murine models of GVHD, CCR5 has been shown to mediate GVHD patho genesis through its role in lymphocyte migration to target tissues ( Figure 1) . 82, 83 Maraviroc is a CCR5-receptor antagonist, approved for use in the USA in combination with other antiretroviral agents for the treatment of patients with multidrugresistant CCR5-tropic HIV-1. 84 The role of maraviroc combined with tacrolimus and methotrexate for GVHD prophylaxis has been investigated. 85 In total, 38 patients with high-risk haematological malignancies under going reduced-intensity conditioning HSCT were enrolled in a phase I and II single-institution clinical trial. 85 Cumulative incidence rates of grade 2-4 acute GVHD at day 100 and day 180 were 14.7% and 23.6%, respectively, and overall survival at 2-year post-treatment was 57%. Although the incidence of acute GVHD was low in maraviroc-treated patients, relapse at 1-year was 55.9%. 67 Taken together, these results suggest that maraviroc might be efficacious in the reduction of GVHD. The role of this drug in the unrelated donor HSCT setting is c urrently being explored (Supplementary Table 1) .
TNF-α inhibition
Studies from murine models as well as human transplants indicate TNF-α is an important molecule in the induction of experimental GVHD. 86, 87 Previous reports have shown that patients with higher levels of TNF-α during the conditioning regimen had higher incidence of acute GVHD (90%) and mortality (>70%) than those patients with lower levels. 88 Clinical studies investigating the role of TNF-α monoclonal antibodies in the prevention of GVHD reported a significant decrease in the release of TNF-α during the conditioning regimen, delayed onset of acute GVHD, and responses in target organs. 89 Etanercept consists of two recombinant human TNF receptor (TNFR, p75) monomers fused to the Fc portion of human immunoglobulin G 1 that binds to TNF-α and renders it inactive. 90 In a phase II single-arm clinical trial conducted in patients undergoing myeloablative HSCT from an unrelated donor, the addition of etanercept to standard GVHD prophylaxis consisting of tacrolimus and methotrexate did not seem to affect the overall risk of grade 2-4 acute GVHD by day 100. 91 Patients who received a non-radiation-based conditioning regimen experienced low TNFR1 ratios by day 7 and an encouraging 1-year survival (69%). However, these findings were not observed in those patients who received a radiation-based conditioning regimen, c autioning the use of etanercept in this context. 91 Infliximab is a murine-human chimerized IgG1 monoclonal antibody that binds to TNF-α (Figure 1 ) and blocks the interaction with the TNF receptor. In a small prospective study of 19 patients undergoing myeloablative HSCT, the addition of infliximab to standard GVHD prophylaxis, consisting of cyclosporine and m ethotrexate, did not lower the risk of GVHD. 92 Interleukin-2 receptor antagonist Interleukin 2 (IL-2) is a cytokine signalling molecule that is essential for the proliferation and differentiation of T cells. Daclizumab is a humanized IgG1 monoclonal antibody and basiliximab is a human-mouse chimeric monoclonal antibody directed against the α-subunit of IL-2 receptor (IL-2R, or CD25; Figure 1 ). The use of upfront daclizumab combined with steroids for the treatment of acute GVHD was found to be deleterious and the randomized trial was halted after a planned interim analy sis showed inferior 100-day survival compared with the steroid plus placebo arm. 93 However, a retrospective analysis evaluating the impact of basiliximab or daclizumab combined with standard immuno prophylaxis for prevention of GVHD in patients with haematological malignancies undergoing unrelated donor HSCT was reported. 94 All patients were engrafted; the incidence of acute GVHD for the study population was 35% (grade 2-4) and 15.9% (grade 3-4). The researchers did not observe any significant difference in the incidence of acute GVHD between the use of basiliximab or daclizumab. However, chronic GVHD was significantly lower in basiliximab-treated patients compared with those patients who received daclizumab. 94 CMV reactivation and bacterial infections were observed in 47.6% and 48.8% of patients, respectively. The death rate related to infections was 3.7%, which was favourable compared with 7% of deaths reported for 7.5 mg/kg ATG treatment. 20 The study was limited by its retrospective a nalysis. Further prospective evaluations should be performed.
A recent study was conducted to evaluate an intensive GVHD prophylaxis regimen that included basiliximab, ATG-F, cyclosporine, and methotrexate, as previously described, 95 in patients with high-risk malignancies who received unmanipulated G-CSF primed bone marrow grafts from haploidentical family members. 96 In total, 64 patients received a myelo ablative conditioning regimen and 16 patients received a reducedintensity conditioning regimen. The findings were encouraging with incidences of grade 2-4 acute GVHD at day 100, chronic GVHD at 2-year, and overall survival at 3-years of 24%, 6%, and 54%, respectively, and suggest that haplo identical family donors can be regarded as p otential alternatives when transplants are urgently needed. 96 Based on early preclinical allodepletion studies, 97 the feasibility of depleting alloreactive T cells responsible for GVHD in an ex vivo approach with a CD25 specific immunotoxin, RFT5-dgA, has also been evaluated. 98 These allodepleted T cells were infused back into 15 paediatric patients, 15 and 47 days after haploidentical and unrelated donor HSCT. 98 The criteria for infusion included engraftment of donor cells and absence of GVHD. The study showed safety and efficacy. No cases of severe GVHD were reported and in three patients who had either CMV, EBV, or both at the time of allodepleted T cell infusion, the infections subsequently cleared, suggesting a role for these cells in immune reconstitution. 98 This concept was also shown to be feasible in older patients with a median age of 65 years (range, 51-73 years) undergoing related donor HSCT. 99 To eliminate alloactivated donor T cells that potentially increase the risk of severe acute GVHD in the haploidentical setting, another study used an anti-CD25 immunotoxin and assessed two different doses of allodepleted T cells that were added back, both of which were associated with a low incidence of GVHD and improved T-cell recovery. In fact, there seemed to be accelerated recovery of viral-specific immunity in patients treated with the higher dose level. 100 Collectively, these studies showed the feasi bility of adding back allodepleted donor T cells without causing severe, life-threatening GVHD. However, in these conditions, relapse remained a major concern that needs to be addressed.
Interleukin-6 inhibition
Interleukin (IL)-6 has an essential role in inflammation and immune regulation and has been implicated in a variety of immune-mediated inflammatory diseases. 101 IL-6 signals through the IL-6R and the signal transducing component gp130 (CD130). In murine models of BMT, IL-6 and IL-6R levels are increased during GVHD, and IL-6 blockade reduces GVHD severity. 102, 103 Building on these preclinical observations, early blockade of IL-6 ( Figure 1 ) after allogeneic HSCT is currently being tested in a single-arm clinical trial of GVHD prevention. 104 Interim results of the phase I-II study showed that in 36 evaluable patients who received the human neutralizing monoclonal antibody against IL-6R on day 1 of myeloablative HSCT, the incidence of grade 2-4 acute GVHD was 11.1%. 104 These early findings are encouraging and further evaluations are underway, including a planned multicentre study.
Novel molecular regulators
Several novel molecules have been shown to regulate the responses of donor T-cell and also of other immune cell subsets, such as APCs and T REGS . Among these, we discuss the strategies that target transcriptional and translational regulation, including the use of storvastatin, bortezomib, and epigenetic modulators (such as histone deacetylase [HDAC] inhibitors and hypomethylating agents).
Atorvastatin
The inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, statins, have been shown to possess immunomodulatory and anti-inflammatory properties by inducing T-cell hyporesponsiveness, T REG expansion, T helper cells Type 2 polarization, and downregulating APC function. 105, 106 In a preclinical model of MHC-mismatched allogeneic BMT, acute GVHD-related mortality was significantly reduced when donor or recipient mice were treated with the inhibitor atorvastatin. 105 A small retrospective analysis of human recipients who received statins at the time of HSCT showed a decreased risk of grade 2-4 acute GVHD. 107 By contrast, a larger study where recipients were treated with any statin agent at the time of HSCT showed no effect on the incidence of acute GVHD or overall survival, but reported a decreased incidence of chronic GVHD and increased recurrence of malignancy. 108 Interestingly, any statin treatment in donors alone or both donor and recipients was associated with significantly reduced grade 3-4 acute GVHD. This effect was limited to recipients treated with cyclosporine-based GVHD prophylaxis. 109 Given these data, atorvastatin treatment is currently being explored prospectively in several single-institutional studies (Supplementary Table 1) .
Bortezomib
Bortezomib, a dipeptide boronic acid, is the first proteasome inhibitor approved in the USA for treating multiple myeloma and mantle-cell lymphoma. Preclinical studies have shown that bortezomib blocks NF-κβ activation ( Figure 1 ) and augments the apoptotic response to chemotherapy. 110 Accordingly, NF-κβ blockade has been shown to block T-cell activation, proliferation, and survival within alloreactive T cells and abrogate GVHD. [111] [112] [113] Bortezomib can control GVHD in clinical studies. 114 However, its delayed administration has resulted in increased GI-related GVHD mortality, implying that timing may be important. 115 Recently, a phase I-II prospective trial of bortezomib combined with tacrolimus-methotrexate for GVHD prophylaxis was conducted in patients with haematological malignancies undergoing reduced-intensity condition ing HLA-mismatched unrela ted donor HSCT. 116 Bortezomib-treated patients experienced encouraging outcomes with cumulative incidence of grade 2-4 at day 180, acute GVHD of 22%, 1-year chronic GVHD of 29%, and 2-year non-relapse mortal ity, relapse, and overall survival rates of 11%, 38%, and 64%, respectively. 116 These favourable results, particularly in the setting of high-risk HSCT with HLA-mismatched donor grafts, suggest that bortezomib might have a role in GVHD prevention. Bortezomib combined with either tacrolimus-methotrexate or tacrolimus-sirolimus is currently being compared with tacrolimus-methotrexate (Supplementary Table 1 ).
Epigenetic modulators
Histone deacetylase inhibition Histone acetylation regulates transcriptional activation. Lysine residues at the amino-terminus of histone H3 and H4 tails are acetylated by histone acetyltransferase enzymes (HATs) or deacetylated by HDACs (Figure 2 ), leading to modifications in DNA accessibility. HDAC inhibition results in the accumulation of hyperacetylated histones, thereby altering the patterns of gene expression (Figure 2) . In recent years, HDAC inhibitors have gained wide attention in cancer therapy. 117 Emerging data have shown that HDAC inhibitors at lower and noncytotoxic concentrations possess anti-inflammatory and i mmunoregulatory effects. 118 Studies in murine models of BMT have shown that HDAC inhibitors suppress pro-inflammatory cytokine production, reduce GVHD, and preserve GVL by modulating indoleamine-2,3-dioxygenase dependent innate immune and allo-stimulating functions of APCs in a STAT-3-dependent manner. 119, 120 HDAC inhibitors also enhance natural T REG functions (Figure 2) . 121 On this basis, Choi et al. 117 investigated the use of the HDAC inhibitor vorinostat, along with tacrolimus-MMF in a phase I-II first-in-human clinical trial of reduced-intensity condition ing HSCT. This prospective, multicentre, singlearm study recruited adult patients, aged ≥18 years, with high-risk haemato logical malignancies and an available 8/8 or 7/8-HLA matched related donor. The primary end point of the trial was the cumulative incidence of grade 2-4 acute GVHD by day 100 post-HSCT. The 22% incidence was lower than the pre-specified limit (25%) and that reported in the literature (38-60%). 122, 123 The relapse incidence and overall survival rates at 2 years were 16% and 73%, respectively. 124 Although limited by the singlearm design, these findings are encouraging and further studies in larger RCTs are warranted. Currently, there is an active study of vorinostat combined with tacrolimusmethotrexate to assess safety and efficacy in myeloablative, unrelated donor HSCT (Supplementary Table 1) . 125 
Hypomethylating agents
Hypomethylating agents, such as azacitidine and 5-azadeoxycitidine, have shown efficacy in the treatment of patients with myelodysplastic syndrome and recurrent or refractory leukaemia. DNA methylation is an epigenetic modification used by the cell to control processes, such as gene transcription. The hypomethylating agents are incorporated into DNA and act as DNMT inhibitors. 126 In murine models of BMT, these agents have been shown to induce FoxP3 expression in CD4 + CD25 -T cells, 127 and inhibit activation and proliferation of alloreactive donor T cells thereby reducing GVHD. 128 Interestingly, in a phase I-II study assessing the administration of azacitidine in the reduced-intensity conditioning HSCT setting, reported a significantly increased number of CD4 + CD25 + CD127 -
FoxP3
+ T cells in azacitidine-treated patients compared with controls. 129 Clinically, in the 27 evaluable patients, only three patients developed grade 2 acute GVHD and no cases of grade 3-4 acute GVHD were reported. Two patients developed limited chronic GVHD. 129 These results are promising and suggest the need to assess the role of hypomethylating agents prospectively for GVHD prophylaxis. Two studies have investigated low-dose azacitidine in the post-HSCT setting to maximize the GVL effect with encouraging results, including decreased incidence of GVHD.
130,131
Conclusions
Developing safer strategies to prevent and treat GVHD will expand the therapeutic modality of allo reactivity to higher-risk transplant populations, including older patients and those with higher co-morbidities or advanced diseases. CNIs remain the mainstay of immunosuppression in mitigating the incidence of GVHD after allogeneic HSCT. With improved understanding of the biology of GVHD coupled with better technological methods, newer approaches are being evaluated. Most published results reflect single-institution, phase I-II or phase II studies. The number of ongoing studies being performed on an international-scale indicates active investigation of novel GVHD prophy laxis regimens (Supplementary Table 1 ). Another layer of complexity to consider in the study design is inclusion of hetero geneous patient populations, disease conditions, donor sources, and degree of HLA-match in efforts to generalize findings. In the next few years, it is hoped rapid advances will be made from the translation of preclinical studies into clinical implementation. As newer therapies emerge, planning and executing well-designed multi centre RCTs will be imperative. This will require large-scale commercialization or availability of drugs or modified cell products, consideration of different practices across centres, transplantation of heterogeneous patient populations, and efforts to study these newer strategies in a r igorous, hypothesis-driven, evidence-based manner. 
REVIEWS
Proposals to use some of these newer therapeutic approaches were recently submitted to the BMT CTN, and the 'GVHD State-of-the-Science Committee' conducted an analysis comparing matched controls from the CIBMTR database under these regimens. As a result of this analysis, the upcoming BMT CTN Prophylaxis Trial Design will consist of a phase II RCT of adult patients aged >18 years comparing post-transplant tacrolimus-MMF-cyclophosphamide, tacrolimus-methotrexatebortezomib, and tacrolimus-methotrexate-maraviroc in recipients of HLA-matched or one-antigen mismatched unrelated donor reduced-intensity conditioning transplant with a prospectively matched cohort of patients included in the CIBMTR database. Furthermore, studies that use HDAC inhibitors or hypomethylating agents could enable randomized studies to identify the best possible therapeutic alternative among these newer approaches to prevent GVHD.
